Crustacea experience periods of starvation during moulting or when limited food availability 27 occurs. The effects of starvation on Crustacea physiological responses have been 28 demonstrated, whereas the effects of starvation on Crustacea immune parameters remain to be 29 more fully studied. In the present study the effects of starvation on immune parameters and 30 antioxidant enzyme activities of the crab Carcinus aestuarii were evaluated for the first time. 31
Introduction
The green crab Carcinus aestuarii (Crustacea, Decapoda) is native of the Mediterranean 52 Sea, and it is very similar to the Atlantic species Carcinus maenas. The two species are 53 mainly distinguishable by morphological traits, such as the shape of the copulatory 54 appendages (pleopods) in males, the shape of the frontal area between eyes, and the carapace 55 width to length ratio (Yamada and Hauck, 2001 ). Owing to natural dispersal, maritime 56 commerce and ballast transport, Carcinus species have colonised several regions outside their 57 native areas, showing high tolerance to air exposure, starvation, and variations in temperature 58 and salinity (Yamada and Hauck, 2001 ). In particular, C. aestuarii has also colonised 59 estuarine areas along the Italian coasts, such as the Lagoon of Venice. 60
Crustacea have an open vascular system in which numerous haemocytes circulate in 61
haemolymph. It has been demonstrated that crustacean haemocytes are involved in important 62 functions, such as wound repair and defence mechanisms against parasites, viruses and 63 bacteria (Bauchau, 1981) . Haemocyte-mediated immune defence includes phagocytosis, 64 encapsulation, nodule formation, clotting, agglutination, melanisation and microbicidal 65 activity (Bauchau, 1981; Smith and Söderhäll, 1986; Söderhäll and Cerenius, 1992) . Three 66 types of circulating haemocytes are generally recognised in Crustacea: hyalinocytes, the 67 smallest cells without evident granules; semigranulocytes, which contain small granules, and 68 granulocytes, with abundant cytoplasmic granules (Bauchau, 1981) . The three haemocyte 69 types were also identified in C. aestuarii (Matozzo et al., 2010a) . Only hyalinocytes were able 70 to phagocytose yeast cells or Zymosan. All haemocyte types produced superoxide anion, 71 whereas only granulocytes were positive to some hydrolytic and oxidative enzyme activities 72 (Matozzo et al., 2010b) . 73
In the last few years, efforts have been addressed to the evaluation of stress effects in 74
Crustacea, considering that many species are commercially-important and disease outbreaks 75 may cause a decline in both natural and farmed populations. 
Crabs 94
Intermoult adult male crabs (4 cm mean carapace length) were collected by handmade 95 traps in the Lagoon of Venice and kept in the laboratory in large aquaria containing seawater 96 (salinity of 35 ± 1 psu and temperature of 17 ± 0.5 °C) and a sandy bottom. The crabs were 97 fed on alternate days with mussels (Mytilus galloprovincialis) and acclimatised in the 98 laboratory for 5 days before the experiments. Only crabs without obvious injuries or infection 99 were used for experiments. 100
Experimental setup 103
Treated and control crabs (12 starved and 12 fed crabs, respectively) were kept for 7 days 104 in two distinct aquaria at the same experimental conditions described above. Every 24 h, both 105 treated and control crabs were transferred to two distinct aquaria fitted with partition boards 106 forming 12 individual boxes each (Fig. 1A) . Half a mussel (4 cm mean shell length, 1.5 g 107 mean fresh weight) was supplied daily to each control crab, whereas treated crabs did not 108 receive food (Fig. 1B, C) . The maintenance of each control crab in separate boxes allowed 109 animals to eat quietly, avoiding assault by the other crabs during feeding. After one hour, both 110 fed and starved crabs were moved again to the two unpartitioned aquaria. 111 112
Haemolymph and tissue collection 113
Crabs were anaesthetised on ice for 10 min, and the haemolymph (at least 500 µL per crab) 114 was collected from the unsclerotised membrane of the walking legs using a 1 mL plastic 115 syringe, placed in Eppendorf tubes on ice and diluted (except for glucose determination) 1:2 116 in an anticoagulant solution of citrate buffer/EDTA (NaCl 0.45 M, glucose 0.1 M, sodium 117 citrate 30 mM, citric acid 26 mM, EDTA 10 mM, pH 4.6, stored at 4 °C) (Söderhäll and 118 Smith, 1983) . Six pools of haemolymph from two crabs each were prepared. Pooling was 119 necessary because individuals did not provide enough haemolymph for analyses. Pooled 120 haemolymph was then divided in four aliquots: two aliquots were immediately used to 121 measure THC, haemocyte diameter and volume, and haemocyte proliferation; the remaining 122 two aliquots were processed to measure PO activity in both haemocyte lysate (HL) and cell-123 free haemolymph (CFH), and CFH glucose levels. To obtain CFH, pooled haemolymph was 124 immediately centrifuged at 780 g for 10 min, and the supernatant (= CFH) was collected. To 125 obtain HL, haemocytes were resuspended in distilled water, sonicated at 0 °C for 1 min, and 126 then centrifuged at 780 g for 30 min. Both CFH and HL were frozen in liquid nitrogen and 127 stored at -80 °C until analyses. 
Haemocyte proliferation 144
Haemocyte proliferation was evaluated by a colorimetric method using a commercial kit 145 (Cell proliferation Kit II, Roche). The assay is based on the cleavage of the yellow 146 tetrazolium salt XTT to form an orange formazan dye by metabolic active (viable) cells. 147
Briefly, XTT labelling reagent and electron-coupling reagent were thawed at 37 °C and mixed 148 immediately before use to obtain the XTT labelling mixture. Two hundred µL of the mixture 149 were added to 400 µL of haemolymph and incubated for 4 and 6 hrs in a dark humidified 150 chamber. Absorbance at 450 nm was then recorded on a Beckman 730 spectrophotometer. 151
Results were expressed as optical density per ml of haemolymph (OD ml haemolymph -1 ). 152
Protein concentration was quantified according to the Biuret method (Sigma) using bovine 153 serum albumin (BSA) as standard.
Haemolymph glucose and total protein concentrations 155
CFH glucose levels were measured using a commercial kit (Quantichrom Glucose Assay 156 Kit, BioAssay System). Briefly, 12 µL of CFH were transferred in centrifuge tubes containing 157 1200 µL of the reagent provided with the kit. Tubes were heated in a boiling water bath for 8 158 min, and then cooled in cold water bath for 4 min. Absorbance at 630 nm was then recorded 159 on a Beckman 730 spectrophotometer. Results were expressed as mg glucose mL 160 haemolymph -1 . 161 CFH protein concentrations were quantified according to the Biuret method (Sigma). 162
Results were expressed as mg protein ml haemolymph 
SOD activity assay 173
Total SOD activity was measured in both gill and digestive gland homogenised (see 2.3. 174 section) in triplicate with the xanthine oxidase/cytochrome c method according to Crapo et al. 175 (1978) . The cytochrome c reduction by superoxide anion generated by xanthine 176 oxidase/hypoxanthine reaction was detected at 550 nm at room temperature. Enzyme activity 177 was expressed as U mg of proteins -1 , one unit of SOD being defined as the amount of sample 178 producing 50% inhibition in the assay conditions. The reaction mixture contained 46.5 µM 179 8 2.5 µU xanthine oxidase. Protein concentrations in homogenised tissues were quantified 181 according to the Biuret method (Sigma). 182 183
CAT activity assay 184
Gill and digestive gland CAT activity was measured in triplicate following the method of 185 Aebi (1984 (Fig. 2) . Conversely, no significant differences were found in haemocyte 199 diameter between starved and fed crabs (8.04 ± 1.4 µm and 8.41 ± 1.6 µm, respectively; n=6), 200 as well as in haemocyte volume (287.5 ± 102.4 fL and 280.2 ± 127.5 fL, respectively; n=6). 201
After 7 days' starvation, haemocyte proliferation did not differ significantly between 202 starved and control crabs, both at 4 and 6 hours of haemocyte incubation in XTT labelling 203 mixture (Fig. 3) . 204
An opposite pattern of variation was observed between glucose and total protein levels in 205 levels was observed in starved crabs (0.018 ± 0.0005 mg mL haemolymph -1 ; n=6), with 207 respect to controls (0.012 ± 0.0003 mg mL haemolymph -1 ; n=6 HL PO activity was significantly higher in starved crabs than in controls (Fig. 5) . 212
Conversely, PO activity did not differ significantly in CFH from starved and control crabs 213 (Fig. 5) . However, a reduction in cell proliferation rate can be also hypothesised. In the present study, 241 a faster division of circulating haemocytes can be excluded, as haemocyte proliferation -as 242 well as cell size -did not differ significantly between starved and control crabs. As a 243 consequence, it is highly probable that the increased number of circulating haemocytes in C. After 7 days' starvation, a significant decrease in haemolymph total protein levels was 276 recorded in C. aestuarii (56.11 mg protein mL haemolymph -1 in starved crabs, and 81.74 mg 277 protein mL haemolymph -1 in fed crabs). In C. maenas, the addition of chitin (5 to 10%) to a 278 fish-based diet did not cause significant effects on the serum concentrations of proteins 279 (Powell and Rowley, 2007) . In the copepod Calanus finmarchicus, the protein content 280 showed a moderate decline during the first 10 days of starvation, suggesting that this species 281 cope with starvation utilizing endogenous reserves different from proteins; however, during 282 the next 21 days, total protein content was drastically reduced (Helland et al., 2003) . In L. The role of PO in immune reactions of Crustacea has been reviewed by Söderhäll and 292 Cerenius (1998) . It is well known that crustacean haemocytes, mainly granulocytes, contain 293 high levels of PO, which can be secreted by haemocytes into the haemolymph where it is 294 involved in melanin deposition around the damaged tissues (Cerenius and Soderhall, 2004) . In 295 the present study, PO activity significantly increased in HL of starved crabs, whereas no 296 significant variations in PO activity were recorded in CFH. It is well known that crustacean 297 haemocytes, mainly granulocytes, contain high levels of PO, which can be secreted by 298 haemocytes into the haemolymph where it is involved in melanin deposition around the 299 damaged tissues (Cerenius and Soderhall, 2004) . We have recently demonstrated that 300 haemocytes of C. aestuarii are also involved in PO production (Matozzo et al., 2010b) 
Research Highlights
The effects of starvation on cellular and biochemical parameters of the crab Carcinus aestuarii were evaluated for the first time.
Results obtained demonstrated that starvation influenced crab immune parameters, but did not induce oxidative stress.
Results also indicated that C. aestuarii can modulate its cellular and biochemical parameters in order to cope with starvation. 
